The computational procedure for simulating 2D electronic spectra from ab-initio calculations SOS//QM/MM consists of the following steps: (i) configurational space sampling with classical MD simulations, (ii) selection of MD snapshots, (iii) refinement of selected geometries at the QM/MM level, (iv) calculation and collection of excitation energies and transition dipole moments, and (v) generation of the spectra. In the following we provide the parameters for each step.
MD simulations
Classical MD simulations of the open and on the cyclic CFYC oligopeptide were carried out for 40 ns after pre--equilibration, using a 2 fs time step. The CFYC molecule was capped with acetyl and N--methylamine protecting groups and solvated in a box of TIP3P water molecules 1 using cubic periodic boundary conditions as implemented in Amber 11 2 and the standard ff10 Amber force field. The particle--mesh Ewald approach 3 was applied to treat long--range electrostatic interactions, with a cut--off of 12 Angstrom for non--bonding interactions. After initial relaxation, heating in six stages of 50 K using Langevin thermostat 4 was applied to achieve a constant temperature of 300 K. Subsequently, the system was equilibrated for 5 ns at 1 atm constant pressure.
Selection of MD snapshots
Cluster analysis was performed with the MMTSB toolkit. 5 Radii of 2Å and 3Å were used for the clustering of the closed and open CFYC, respectively. The closed CFYC is rather rigid with the aromatic rings oriented in a T--stacked conformation in 75% of the frames. A shallow barrier allows for the short--time population of unstacked conformations. The open CYFC is much more flexible and adopts predominantly an unfolded conformation with the two aromatic rings spatially separated. Therefore, we selected the energetically lowest geometries that actually belong to the most popolate clusters and that correpond to at T--stacked conformation for the closed peptide and to an unstacked configuration for the open CFYC.
QM/MM protocol
Snapshot refinement was performed at QM/MM level with the Cobramm package. 6 An active space of eight electrons and eight orbitals (i.e. CASSCF (8, 8) ) was used for the QM calculations, employing the MOLPRO 2010 version 7 interfaced with Cobramm, and the following contraction scheme was adopted: C,O/[4s3p2d] and H/[2s]. Electrostatic QM/MM interactions were treated via an electrostatic embedding scheme. The link--atom technique and redistribution of residual charges among nearest neighbors were used, 8 with both aromatic side chains included in the QM layer and the remaining atoms treated classically. The H--atom link was located along the Cα--Cβ bond axis of the aromatic side chains. The peptide and the water molecules participating in hydrogen bonds with CFYC were allowed to move during the optimization, whereas the remaining bulk waters were kept frozen.
CASSCF/CASPT2 parameters
Excited state calculations on both refined snapshots was performed with Molcas 7.7 9 at SA--CASSCF(14,13)/SS--CASPT2 level including all valence π--electrons and π--orbitals of both chromophores in the active space. 70 states were included in the state-averaging procedure for the open conformation. The number of roots comprised in the CASSCF and the CASPT2 calculations are chosen to include excitations lying, upon PT2 correction, in the energy ranges reported in the 2DUV spectra. 80 states were considered in the cyclic CFYC as charge transfer states exhibit a strong red shift upon T--stacking. An imaginary shift of 0.2 was used. 10 An IPEA shift 11 of 0.0 was found to give better agreement with experimental data than the default value of 0.25. The generally contracted ANO--L basis set was utilized 12 and the following contraction scheme was adopted: C,O/[3s2p1d] and H/[2s1p]. A set of 13 extravalence orbitals with higher angular momentum (six π*-orbitals in benzene, seven π*-orbitals in phenol) were localized among the virtual orbitals via a procedure described below and discarded in the CASPT2 step. This approach was found to reproduce both experimental data for valence transitions and the energies of higher excited states obtained from accurate calculations for benzene and phenol (see below). Transition dipole moments were calculated at the CASSCF level using the RASSI module 13 of Molcas 7.7.
2DUV spectra
For the generation of the 2D--NUV rephasing (KI) signal, the non--linear signal was superimposed with a local oscillatior LO in direction k4 = --k1 + k2 + k3. A constant broadening of 200 cm --1 was used throughout. Calculations were performed with Spectron 2.7 14 for the nonchiral xxxx, xyxy and xyyx polarizations. The 2D signals, which depend parametrically on the two frequencies t1 , t2, t 3 , were calculated by 2D Fourier transformation along t1 and t3, whereas t2 was set to zero. Spectra are plotted on a logarithmic scale.
Details on the excited state calculations
Constructing 2D pump--probe spectra out of ab-initio data demands knowledge not only of the low lying valence states but also of higher lying singly and doubly excited states, which become accessible in a cascade one photon absorptions as in multi--pulse experiments. In the present dimer system this condition demands the simultaneous calculation of up to 100 excited states. In the following we describe how to obtain accurate excitation energies for the dimeric systems.
In the past it has been demonstrated that a minimal active space constructed out of the π--valence electrons and orbitals of benzene (i.e. CAS(6,6)) or phenol (i.e. CAS (8, 7) ) is insufficient of describing the valence excited states with covalent (e.g. 1 1 B2u, 1 1 E2g) and with ionic (e.g. 1 1 B1u, 1 1 E1u) character (which stems from characteristics of the states in the valence bond description 15 ) at equal footing 16--19 . However, increasing the active space beyond the minimal active space is impractical in the case of the dimers. For this reason an estimate of the accuracy is necessary. Therefore, we compared several computational protocols for the benzene and the phenol monomers along with benzene--phenol dimers in gas--phase, where the benzene and phenol units in the dimeric forms are taken separated by a 10 Angstrom distance.
As reference, we performed CASSCF//SS--CASPT2 calculations of the monomers with large active spaces, i.e. CAS(6,11) for benzene and CAS (8, 14) for phenol. The benzene and phenol geometries were taken from ref. 20 . The calculations were conducted under CS--symmetry. The "reference" D6h notation is used for monomers and dimers in order to have labeling of the excited states consisten with previous experimental and theoretical works. The generally contracted ANO--L basis set was utilized and the following contraction scheme is adopted: C,O/[4s3p2d] and H/[2s1p]. In addition, the standard ANO basis sets was augmented with 1s--, 1p-- and 1d--contracted Rydberg--type functions, designed to treat Rydberg states and positioned at the center of nuclear charge 21 to minimize Rydberg--valence mixing (namely, ANO--L(432,21)--aug). The large active spaces are constructed in the following way: three Rydberg orbitals with A'' symmetry (the remaining orbitals have A' symmetry and are not considered further) were added to the minimal active space of each chromophore and optimized in the CAS (6, 9) and CAS(8,10) active spaces for benzene and phenol, respectivley. It is known that well described Rydberg orbitals do not interact with the valence orbitals, 16--17 therefore, the Rydberg orbitals can be deleted from the molecular orbital set once they were optimized. Subsequently, the active space was systematically increased by including extravalence orbitals that do not give rise to intruder states and the first 12 states were optimized with a CAS(6,11) for benzene and a CAS (8, 14) for phenol. All the orbitals were correlated in the perturbation procedure except for the Rydberg orbitals with A'' symmetry. With this setup, the energies of the valence states were found to reproduce the experimental data (see Tables S1 and S2). The largest discrepancies are observed for the 1 B2u state of benzene which is underestimated by 0.25 eV, and for the higher component of the 1 E1u state of phenol which is blue--shifted by 0.35 eV. Minimal active space calculations of the monomers (i.e. CAS(6,6) for benzene and CAS(8,7) for phenol) were performed with the ANO--L basis set using the same contraction scheme utilized in the large active space calculations (Tables S1 and S2, 2 nd column). Thereby, no Rydberg orbitals were used. With these parameters the energies of the covalent states 1 B2u and 1 1 E2g are underestimated slightly, while the ionic and doubly excited states exhibit strong red--shifts by up to 0.6 eV. The consequence for the construction of the 2DUV spectra is that the relative positions of the 1 B2u bleach and the SN ← 1 B2u absorptions cannot be reproduced correctly, as excited state absorptions exhibit a strong red--shift along Ω3.
Table S1. GS S N excitation energies for the first 12 A' states of benzene: 1 st column) reference large active space calculation of the monomer with a set of 1s1p1d Rydberg basis functions, with D* indicating doubly excited state; numbers in brackets correspond to the numeration of the intra-molecular excitations in
In careful calibration against the large active space calculations we discovered that better agreement with the reference calculations at affordable cost can be achieved by using the minimal active space (i.e. CAS(6,6) for benzene, CAS(8,7) for phenol) with the ANO--L(3s2p1d/2s1p) basis set and discarding a set of extravalence orbitals with higher angular momentum in the perturbation procedure (six π*--orbitals for benzene, seven π*--orbitals for phenol), namely SS--CASPT2*, see Tables S1 and S2 (3 rd column). Due to the reduced correlation all excited states exhibit a blue shift. Covalent states exhibit a slight shift of 0.1--0.2 eV, while the valence ionic states exhibit a more pronounced shift of 0.5--0.6 eV to match the experimental values. Concordantly, higher lying excited states exhibit a strong blue--shift as well, which brings them much closer to the reference values. With this procedure all states are within 0.2 eV from the reference values.
Discriminating π*--orbitals with a higher angular momentum in the monomer is straightforward when CS--symmetry is used. In the dimers, which are arbitrarily oriented and lack any symmetry, π*--orbitals mix heavily with σ--orbitals, which complicates their selection. To handle this we developed a protocol which allows us to localize and extract the π*--orbitals. The protocol consists of the following steps: i) a standard CASSCF calculation (i.e. CAS (14, 13) ) is performed for a desired number of states;
ii) the virtual orbitals are localized using the Pipek--Mezey localization procedure; 29 iii) the localized orbitals are allowed to delocalize in a calculation using the converged CI--coefficients of step i). Thereby rotations between the p* atomic orbitals of the aromatic rings and the remaining virtual orbitals are forbidden using the sub-symmetry approach. As the CASSCF energy is invariant with respect to virtual--virtual rotations this step gives exactly the same result as step i) and allows to separate the π*--orbitals from the virtual orbitals; iv) several or all π*--orbitals can be discarded from the molecular orbital set in a subsequent perturbative calculation (again named SS--CASPT2*);
We applied this procedure on a benzene--phenol dimer in the gas--phase with both chromophores in 10 Angstrom distance and oriented arbitrarily in space (thus, without symmetry constrains, i.e. using C1--symmetry) to test the accuracy with respect to the calculations in the monomers (Tables S1 and S2, 4 th column). Again, in these calculations the D6h notation is used to describe excited states, consistently with previously reported calculations of monomers. A total of 100 excited states were included in the state averaging procedure. The CAS (14, 13) excited states in the dimer are in agreement with the reference values obtained for the monomers, with deviations within 0.2 eV. No severe deterioration is observed with respect to the 12 state calculations of the monomers (Table S1 , 3 rd column). Several charge transfer states, which are formed in the dimer, are strongly affected by the presented procedure and exhibit a blue--shift of 0.6 eV, analogously to ionic states. These results suggest that the proposed procedure is able to describe properly charge transfer states, as expected due to their electronic character. The suggested procedure has been extended to the interacting chromophores. The proposed correlation correction is performed at the PT2 level, providing energy corrections to the electronic couplings in the stacked dimer that are, in fact, qualitatively determined already at the CASSCF level. We expect that such procedure can be easily applied to any configurations whose structures are not severely distorted with respect to the planar equilibrium geometries.
To sum up, the energies obtained with the presented procedure gives a more balanced description of valence and ionic states. An overall non--uniform blue shift of the excitation energies is observed with respect to the reference calculations, but the relative positions of the 1 B2u bleach and the excited state absorptions are preserved. The proposed technique allows generating 2DUV spectra and analyze whether off--diagonal signals, which manifest upon chromophore--chromophore interaction are covered by the intra--choromophore excitations.
For the sake of completeness we provide the spectra obtained without discarding the extravalence orbitals (see Figure S3 ). Beware, that due to the overall red--shift of the transitions, the plotting window is red--shifted by 1000 cm --1 along the Ω 1 and Ω3. A strong red--shift of 4000cm --1 is observed for both local and charge transfer absorptions along Ω3. -1 (a,b) and 23000-31000 cm -1 (c,d) . Circled numbers correspond to the transitions in Figs. S1, S2 Figure  S4.  Variation  of  the  2DUV  spectra  of  the  open  (unstacked,  top  panels) -1 (10fs pulses, bottom row) . Laser pulses are depicted as light blue filled curves. The Phe signals appear only when pulses are centered around 38000 cm -1 and the k 1 and k 2 pulses are narrow but, in those cases, the overall intensity of the signals decreases significantly. Cartesian coordinates of the quantum mechanical layer of the closed T-stacked CFYC, containing the benzene and phenol. 
Level schemes for the open unstacked and closed T-stacked CFYC

and closed (T-stacked, middle and bottom panels) CFYC at EHEF level as function of the central frequencies of all laser pulses (top and middle panels). A comparison of two different bandwidths of the k 1 and k 2 pulses is showed for the T-stacked configuration (middle and bottom panels) with FWHM of 733 cm -1 (20fs pulses, top and middle rows) and 1466 cm
Figure S5. Variation of the 2DUV spectra of the open (unstacked) CFYC at SOS//QM/MM level as function of the central frequencies of all laser pulses. The comparison of three different bandwidths of the k 1 and k 2 pulses is showed, with FWHM of 733 cm -1 (20fs pulses, top row), 1466 cm -1 (10fs pulses, medium row) and 2932 cm -1 (5fs pulses, bottom row). Laser pulses are depicted as white filled curves. The effect of blu-shifting the central frequency of k 1 and k 2 pluses is more evident with narrowband pulses (top row). The overall intensity of the signals is not significantly affected by both central frequencies shifts and bandwidth changes.
Figure S6. Variation of the 2DUV spectra of the closed (T-stacked) CFYC at SOS//QM/MM level as function of
